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The effect of epitaxial strain on the structural and electronic properties of LaVO3 is investigated
through density functional theory (DFT) and dynamical mean field theory (DMFT). Two differ-
ent growth orientations of the crystal are considered, one preserving the bulk Pbnm space-group
symmetry and another giving rise to a symmetry lowering to P21/m. In the nonmagnetic DFT
structures, the two growth orientations are equally favored for all tensile strains considered here,
as well as for compressive strains weaker than −3%. For stronger compressive strains, the P21/m
orientation is favored and shows a complete suppression of octahedral tilts along the out-of-plane
direction. Magnetically-ordered structures do not show a complete tilt suppression, but the trend
points to a similar reduction of the out-of-plane V–O–V bond angles under compressive strain. Our
DMFT calculations show that, in accord with room-temperature experiments, the bulk paramag-
netic Mott-insulating state of LaVO3 is robust against epitaxial strains attainable in thin films, since
the suppression of orbital fluctuations counteracts the effect of bandwidth increase with compressive
strain. Under stronger compressive strains, the straightening of the V–O–V bonds in the P21/m
geometry interferes with the suppression of orbital fluctuations and hence perturbs the Mott phase
more strongly, albeit not enough to achieve a metallic phase.
PACS numbers: 71.30.+h,71.15.m,73.22.f
I. INTRODUCTION
Transition metal oxides are very interesting because
they host complex phenomena, such as one or more fer-
roic orderings, often coupled with each other, Jahn-Teller
distortions, magnetic phase transitions, superconductiv-
ity, and more [1]. The electronic structure of these ma-
terials is often characterized by strong electron-electron
correlations, mainly because of the localized nature of the
d electrons of the transition metal cations [2]. An impor-
tant class of complex oxides are the early-3d transition-
metal perovskites, ABO3, where B is a transition metal
cation with d1 or d2 electron configuration, such as Ti3+,
V4+, V3+, or Cr4+. Here, the correlated electron man-
ifold results from the three nearly-degenerate t2g states,
which are split off from the two energetically higher eg
orbitals by the cubic component of the crystal field. Hy-
bridization of the t2g orbitals with the p states of the oxy-
gen ligands then leads to the formation of partially-filled
antibonding bands with predominant transition metal t2g
orbital character.
Progress in growth techniques has opened a new av-
enue for tailoring complex oxide heterostructures with
desired properties [3, 4]. Possible engineered heterostruc-
tures include thin films as well as superlattices, where lay-
ers of different oxides are periodically stacked. In both
cases, a two-dimensional stress field, due to the lattice
mismatch between the different constituents, as well as
one or more interfaces arise within these structures. The
resulting epitaxial strain, as well as the interface effects,
can potentially alter the electronic properties of such het-
erostructures. For instance, the polar discontinuity at the
LaAlO3/SrTiO3 interface induces a high-mobility two-
dimensional electron gas at the interface of these other-
wise insulating materials [5]. Also the LaVO3/SrTiO3
Mott-insulator/band-insulator heterointerface shows an
insulator-to-metal transition, attributed to the n-type
VO2/LaO/TiO2 polar discontinuity [6], indicating inter-
face conduction arising from electronic reconstructions.
A recent experimental study discussed the role of epi-
taxial strain on the electronic properties of the Mott-
insulators LaTiO3 and LaVO3 [7]. By growing thin films
of these materials on different substrates, it was shown
that a metal-insulator transition occurs in LaTiO3 un-
der compressive strain, such that the whole film be-
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FIG. 1. (Color online) Schematic depiction of two different
orientations of the bulk crystal structure of LaVO3 relative to
a hypothetical square lattice substrate (e.g. SrTiO3), corre-
sponding to (left) the [001] and (right) the [110] Pbnm growth
directions. The respective unit-cells (dashed lines) and their
basis vectors, a, b, and c, are indicated. The grey, golden,
and red spheres represent La, V, and O atoms, respectively.
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2comes metallic when grown on a SrTiO3 substrate [8].
In LaVO3, instead, conductivity is limited to the inter-
face region [6, 7], suggesting that away from the interface
the Mott-insulating state in LaVO3 is not affected by epi-
taxial strain. Theoretical studies of strained LaTiO3 in-
deed confirm an insulator-to-metal transition under com-
pressive strain [9, 10], implying that interface effects are
secondary in this system. Furthermore, recent simula-
tions of LaTiO3/SrTiO3 superlattices consistently report
a metallic state in the compressively strained LaTiO3 lay-
ers [11].
The appropriate technique for calculating the elec-
tronic properties of this class of correlated transition
metal oxides is based on density functional theory (DFT)
plus dynamical mean field theory (DMFT) [12–14], which
has been applied to study the bulk phases of both LaTiO3
[15, 16] and LaVO3 [17–19], as well as to address the ef-
fect of epitaxial strain in LaTiO3 [9]. A theoretical study
of epitaxially-strained LaVO3 is highly desirable in order
to correctly interpret the different properties observed in
thin films of LaVO3 compared to LaTiO3 [7], and also to
achieve a more comprehensive picture of strain effects in
Mott-insulating complex oxides.
To fill this gap, we address the role of epitaxial strain
on the structural and electronic properties of LaVO3
using DFT, DFT+U [20], and DFT+DMFT calcula-
tions. The effect of epitaxial strain arising from the
film/substrate lattice mismatch is isolated from explicit
interface effects (not addressed in this work) by modeling
the thin film with a bulk-like geometry subject to prop-
erly chosen epitaxial constraints on its lattice parameters
[21]. Two different orientations of the bulk crystal struc-
ture relative to the film/substrate interface are consid-
ered here (see Fig. 1): The first orientation corresponds
to the growth along the orthorhombic [001] direction of
the bulk structure. This preserves the Pbnm space-group
symmetry of the paramagnetic bulk phase, as well as
its a−a−c+ tilt system (in Glazer’s notation [22]). The
second orientation corresponds to the growth along the
orthorhombic [110] direction. In this case the epitaxial
constraint lowers the space group symmetry to P21/m.
The resulting unit-cell is monoclinic with γ 6= 90◦ (γ
being the angle between the two short axes a and b in
the Pbnm setting), and in principle allows for the more
generic tilt system a−b+c− [22][23]. The [110] growth ori-
entation with P21/m symmetry and a
−a+c− tilt pattern
was recently reported in room-temperature x-ray diffrac-
tion (XRD) experiments on LaVO3 thin films grown on
a SrTiO3 substrate [24, 25].
Our results show no clear energetic preference toward
one of the two geometries, both under compressive and
tensile strain, suggesting that the actual growth orienta-
tion is mainly determined by the specific film/substrate
interface and/or growth conditions. Furthermore, the
Mott-insulating phase of LaVO3 is found to be rather ro-
bust against strain and the Mott gap survives also under
large compressive strains.
The paper is organized as follows. In Sec. II, we de-
scribe the computational methods and parameters for our
calculations. In Sec. III, the geometry and energetics of
the two crystal orientations are calculated and compared
as a function of epitaxial strain. We concentrate mainly
on the room-temperature paramagnetic structure, but
for comparison we also present some DFT+U results
for a magnetically-ordered phase. In Sec. IV, the elec-
tronic properties are studied as a function of strain using
DFT+DMFT, based on the relaxed nonmagnetic struc-
tures of Sec. III. Finally, we draw our conclusions in
Sec. V.
II. METHODS AND COMPUTATIONAL
DETAILS
The geometry optimizations and band structure calcu-
lations were performed within the generalized-gradient
approximation (GGA) [26] of DFT using the plane
waves/pseudopotential implementation from the Quan-
tum ESPRESSO package [27]. The interaction be-
tween core-electrons and valence electrons is described
through ultrasoft pseudopotentials [28], with the 3s and
3p (5s and 5p) semicore states of V (La) included in the
valence, but without nonlocal projectors on the empty
La-4f states. The electronic wavefunctions and charge
densities are expanded in a plane wave basis set with
kinetic energy cutoffs of 40 Ry and 300 Ry, respectively.
Bulk geometries are obtained by relaxing within Pbnm
symmetry all atomic positions and cell parameters un-
til forces become smaller than 2.6 meV/A˚, stress tensor
components drop below 0.1 kbar, and the energy differ-
ence between successive steps stays below 0.14 meV. In
the GGA+U calculations these thresholds are taken as
10.3 meV/A˚, 0.2 kbar, and 0.68 meV, respectively, to
speed-up convergence. For the geometry optimizations
under epitaxial strain, we consider the case where the
substrate surface represents a square lattice with period-
icity asub, such as, e.g., the (001) surface of SrTiO3. As
already pointed out in Sec. I, we focus on the pure strain
effect by using a bulk-like geometry, without explicitly
considering a film/substrate interface. The (hypotheti-
cal) substrate enters through the elastic boundary condi-
tions imposed on the bulk unit cell, i.e., the in-plane lat-
tice parameters are both set equal to the lattice constant
asub of the substrate, while the out-of-plane parameter,
coop, as well as all internal coordinates, are optimized for
each value of asub.
Specifically, for the [001] growth direction, the two
short lattice vectors of the orthorhombic Pbnm unit cell
both lie within the substrate plane (which is chosen to co-
incide with the xy plane) and are constrained to be equal,
with a = b =
√
2 asub. This constraint preserves the
Pbnm symmetry of bulk LaVO3. The long orthorhombic
lattice vector is oriented perpendicular to the substrate
plane and its length c = 2coop is optimized by minimizing
the out-of-plane component of the stress tensor.
For the [110] growth direction, the longest lattice vec-
3method a b c atetr acub θ φ
PM
Exp. 5.55 5.56 7.83 3.93 3.92 11.5◦ 7.4◦
U = 0 5.48 5.53 7.77 3.89 3.89 10.9◦ 7.4◦
U = 0 5.53 5.62 7.73 3.94 3.92 13.0◦ 8.5◦
G-AFM U = 3 5.57 5.68 7.83 3.98 3.96 15.1◦ 9.4◦
U = 5 5.59 5.76 7.85 4.01 3.98 15.7◦ 10.1◦
TABLE I. Cell parameters (in A˚) and octahedral tilt angles for the paramagnetic (PM) and G-type antiferromagnetic (G-AFM)
bulk-phase obtained within GGA+U for different U (in eV) and within plain GGA (U = 0). The averaged pseudo-tetragonal
and pseudo-cubic cell parameters are defined as atetr = (a + b)/2
√
2 and acub = (a + b + c/
√
2)/3
√
2. The conventional
rotation and tilt angles for a−a−c+ are, respectively, θ = (90◦ − Θ)/2, with Θ the O–O–O angle indicated in Fig. 1, and
φ = (180◦ − φz
VOˆV
)/2, where φz
VOˆV
is the V–O–V bond-angle along the z direction. Experimental values correspond to the
paramagnetic structure at 150 K, determined by XRD and neutron diffraction [29].
tor of the orthorhombic Pbnm structure, c, lies within
the substrate plane (see Fig. 1). The epitaxial constraints
can be formulated as |c| = |a−b| = 2asub and c ⊥ (a−b),
i.e. the vectors c and a − b form a square lattice with
periodicity 2asub parallel to the surface plane [30]. Due
to the applied strain, the angle γ between a and b will
deviate from 90◦, leading to monoclinic symmetry with
space group P21/m [24]. The three lattice vectors can
then be expressed as follows:
a =
−asub + x0
coop
 , b =
asub + x0
coop
 , c =
 02asub
0
 ,
where we have set the c axis along the y direction. We
will mostly consider the case x = 0, corresponding to
|a| = |b|, and optimize coop through a series of total
energy calculations, with full optimization of all internal
structural degrees of freedom. We will also briefly explore
the case x 6= 0, given that |a| 6= |b| in LaVO3 bulk [29].
In the nonmagnetic calculations, the Brillouin zone is
sampled with a 6×6×4 grid of k-points and the electron
occupations are broadened through a standard technique
[31] with a smearing parameter of 0.272 eV. We checked
that a denser 12 × 12 × 8 k-point grid and a wave func-
tion cutoff of 60 Ry give the same bulk cell parameters
within 0.05% accuracy. For the spin-polarized calcula-
tions within GGA+U, the smearing parameter was re-
duced to 0.027 eV and the k-point grid was correspond-
ingly increased to 9× 9× 6.
To obtain a low-energy t2g-Hamiltonian for the DMFT
calculations, the corresponding part of the DFT band
structure is represented in a local basis set using
maximally-localized Wannier functions (MLWFs) [32,
33]. The k-point sampling for the construction of these
MLWFs is the same as in the total energy calculations,
while the energy window is chosen according to the
weight of the t2g-like atomic wave functions within the
DFT band structure (see Fig. 8 and Sec. IV). The result-
ing energy window extends from −1.5 eV below the Fermi
level, EF, up to about 1 eV for the unstrained structure
(no entanglement with other bands) and about 1.5 eV
for the −4% strain case, where the t2g-bands are entan-
gled with higher-lying bands around the Γ point. When
needed, the disentanglement procedure is applied only to
k-points within a small sphere (about 0.35 A˚−1 of radius)
around k = (0, 0, 0), in order not to perturb the bands
away from the entangled part of the band structure.
DMFT calculations are performed with help of the
TRIQS package [34], using a CT-HYB quantum impu-
rity solver [35] and the Slater-Kanamori form of the in-
teracting Hamiltonian with spin-flip and pair hopping-
terms included. We fix the Hund’s exchange parameter
J = 0.65 eV and increase the inter-orbital interaction U ′
in order to find the critical value of U = U ′+2J at which
the metal-to-insulator transition occurs (more details can
be found in Ref. 9, where an equivalent setup has been
used). We used 107 Monte Carlo (MC) cycles to sample
the interacting Green’s function at an inverse tempera-
ture βT = 40 eV, corresponding roughly to room tem-
perature (200 MC steps inside a cycle, 2000 equilibration
cycles). The DMFT self-consistent cycle on the Green’s
function contained 30 iterations. This was sufficient to
achieve good convergence of the impurity Green’s func-
tion, which was expanded in a series of Legendre polyno-
mials with 35 terms [36]. In the Pbnm geometry, all four
V sites are equivalent to each other by symmetry, thus
only one effective impurity problem needs to be solved. In
the P21/m geometry instead, two independent impurity
problems have to be solved, due to the symmetry lower-
ing that splits the four V sites into two distinct pairs of
equivalent sites. The spectral function A(ω) is obtained
by analytic continuation of the Green’s function G(τ)
onto the real axis using the maximum-entropy method
[37].
III. STRUCTURE AND ENERGETICS
In this section we compare the energetics and struc-
tural evolution as function of epitaxial strain for the two
possible growth directions discussed in the previous sec-
tions (see also Fig. 1). We will hereafter refer to these two
cases by their respective space-group symmetry, Pbnm
and P21/m. Both symmetries will be studied within
GGA in the paramagnetic phase (Sec. III A) and within
GGA+U in a magnetically-ordered phase (Sec. III B).
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FIG. 2. (Color online) (a) Total energy difference per formula
unit (f.u.) between the Pbnm and P21/m structures, ∆E =
EPbnm−EP21/m, (b) out-of-plane lattice parameter coop, and
(c) angle γ between crystal axes a and b as functions of the
imposed epitaxial strain. The square symbols in (b) and (c)
are experimental data for epitaxial LaVO3 films on SrTiO3
(from Ref. 25).
A. Paramagnetic structures
The relaxed Pbnm bulk structure obtained within
spin-unpolarized GGA agrees well with the experimental
structure of the paramagnetic phase at 150 K obtained
from XRD [29] (see Table I). The lattice parameters a,
b and c are slightly underestimated compared to the ex-
perimental data, but the deviations (≤ 1.3%) are within
typical limits of current DFT-based methods. In partic-
ular, the angles θ and φ, describing the strength of the
octahedral tilts, are in good agreement with the experi-
mental structure.
In the following we define the theoretical reference
(i.e., zero-strain) lattice constants for epitaxially-strained
LaVO3 films as atetr = (a + b)/2
√
2 = 3.891 A˚ for the
Pbnm geometries and acub = (a + b + c/
√
2)/3
√
2 =
3.888 A˚ for the P21/m case [38]. We note that in the
nonmagnetic DFT structure the difference between atetr
and acub is essentially negligible, as is the case in the
experimental paramagnetic structure [29]. We then re-
lax the out-of-plane lattice parameter coop and all in-
ternal degrees of freedom for several values of strain s
between −4% and 4%, corresponding to hypothetical
substrates with lattice constant asub = (1 + s) atetr or
asub = (1 + s) acub, respectively.
The energy difference between the relaxed Pbnm and
P21/m structures as function of epitaxial strain is pre-
sented in Fig. 2a. The energies of the two structures are
the same within 1 meV/formula unit (f.u.) for all strains
except for a strong compressive strain of −4%, where
the P21/m structure is favored energetically by about
17 meV/f.u. The out-of-plane lattice expansion (contrac-
tion) in response to the compression (extension) of the
in-plane lattice constant is also virtually identical in both
symmetries (see Fig. 2b). This means that the two cells
have approximately the same volume at all strains, even
if their shape differs. Indeed, the monoclinic angle γ of
the P21/m cell, shown in Fig. 2c, deviates from the 90
◦
value of the orthorhombic Pbnm cell as a result of the
change in the coop/asub ratio. The experimental report
of γ ' 89.45◦ and coop/asub ' 1.012 for LaVO3 films
on SrTiO3 [25] closely agrees with our theoretical pre-
diction extrapolated for the corresponding strain value
(about 0.5%, see Fig. 2b and Fig. 2c).
The evolution of the internal structural degrees of free-
dom, i.e., V–O bond-lengths and V–O–V bond-angles, as
function of strain is depicted in Fig. 3. Instead of the
tilt and rotation angles, φ and θ, that are often used to
quantify octahedral rotations in perovsites with Pbnm
symmetry (see Table I and, e.g., Refs. 9 and 21), here we
use the V–O–V bond angles, φi
VOˆV
(where i = x, y, z in-
dicates the approximate orientation of the corresponding
bonds). This is in order to facilitate a better compari-
son with the P21/m case, which contains three indepen-
dent Glazer rotations. We also note that within P21/m
symmetry there are two pairs of symmetry-equivalent oc-
tahedra per unit cell, so in principle two sets of bond-
distances and four different bond-angles can be distin-
guished. However, the corresponding differences are
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FIG. 3. (Color online) (a-b) V–O bond-lengths and (c-d)
V–O–V bond-angles as a function of epitaxial strain for the
paramagnetic Pbnm and P21/m geometries (on the left and
on the right side, respectively). In the P21/m case, the dif-
ferences between the two nonequivalent sets of lengths and
angles are small (see text), so we show only their average.
5found to be minor, so we show here only the average
values (distances differ by less than 0.4% between the
two sites; differences in φy
VOˆV
are less than 0.5%, except
for s = +4%, where the difference is 1.3%). It can be
seen from Fig. 3 that, similar to the cases of the total
energy and coop shown in Fig. 2, the strain response of
the internal degrees of freedom is also very similar for the
two symmetries, except for compressive strains stronger
than −2%.
The change in the in-plane (xy) V–O distances de-
picted in Figs. 3a-b resembles that of the in-plane lattice
parameter (as imposed by strain), while the out-of-plane
(z) V–O bond behaves oppositely and follows the evolu-
tion of coop (see Fig. 2b). Thus, these structures do not
behave like a system of rigid edge-connected octahedra
and the lattice expansion/shrinkage is accommodated by
changes in both octahedral tilt-angles and V–O distances.
Remarkably, for s 6 −3%, the P21/m structure exhibits
a complete tilt-suppression along the out-of-plane direc-
tion, with a complete straightening of the V–O bonds
along z and the tilt pattern reducing to a0a0c−. Corre-
spondingly, the V–O distances and the total energy differ-
ence ∆E display a sudden change, with P21/m becoming
more favorable for strains s < −3%.
The changes in the tilt angles upon compressive strain
from our calculations (see Figs. 3c-d) agree with the ex-
perimental observations of Rotella et al. [24] on LaVO3
thin films grown on a SrTiO3 substrate, which imposes an
epitaxial strain of about −0.5%. They report enhanced
octahedral rotations around the out-of-plane axis, lead-
ing to smaller in-plane V–O–V bond angles compared
to the bulk, and a reduced tilting around the two in-
plane directions, leading to a larger out-of-plane bond
angle. Quantitatively, the calculated departure of φz
VOˆV
from the bulk value for strains between 0% and −1% is
much smaller than for the reported experimental value
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FIG. 4. (Color online) Total energy Etot(δ), minimized with
respect to coop, as a function of the angle δ between the sub-
strate and the vector a+b in the P21/m unit cell for different
values of epitaxial strain s. For each s value, the optimal an-
gle δopts obtained through a second order polynomial fit of
Etot(δ) (lines) is shown by the arrows. All data and curves
are shifted in energy by their respective minimum.
of φz
VOˆV
' 171.3◦ [24], nevertheless both experiment and
theory agree on the overall trends. It should also be noted
that, as pointed out in Ref. 25, there is a significant un-
certainty in the experimental value, due to the difficulties
in accurately determining oxygen positions within a thin
film structure.
Finally, we also explored the possibility that the out-
of-plane direction of the pseudo-cubic perovskite lattice
of the LaVO3 film (a + b in Fig. 1) might not be per-
pendicular to the substrate plane, resulting in |a| 6= |b|
as for the bulk Pbnm structure [29]. By varying the
value of x (see Sec. II), we searched for the optimal an-
gle δ between the xy plane and a + b for several values
of epitaxial strain in the P21/m symmetry. The results,
presented in Fig. 4, show that with a perfectly matching
substrate (s = 0%) the optimal angle deviates slightly
from 90◦ (δopt ' 89.5◦), and this deviation increases un-
der tensile strain (δopt ' 89.0◦ at +4% strain). Under
compressive strains, instead, we find that a+b becomes
almost perpendicular to the substrate plane (δopt ' 89.8◦
for s = −2%), supporting the experimental finding for
LaVO3 thin films on SrTiO3 [24].
B. Magnetically-ordered structures
Even though the bulk structure of LaVO3 obtained
from our spin-unpolarized GGA calculations agrees
rather well with the experimental structure obtained for
the paramagnetic phase at 150 K, it should be noted
that the corresponding calculation results in a metallic
state, whereas in the experiment LaVO3 is a param-
agnetic insulator. An insulating state can be obtained
within DFT+U in the presence of both magnetic order
(MO) and orbital order (OO) [39]. However, we point
out that, in practice, neither DFT nor DFT+U can faith-
fully describe the paramagnetic room temperature Mott-
insulating phase of LaVO3. Nevertheless, in order to
cross-check the results obtained from the nonmagnetic
GGA calculations, in particular the very small energy
difference between the two different growth orientations
(except under strong compressive strain) and the general
trends of the structural parameters, we now present re-
sults of GGA+U calculations for a magnetically-ordered
phase of LaVO3.
The experimentally observed low-temperature phase
of LaVO3 shows C-type anti-ferromagnetic (AFM) or-
der, corresponding to G-type OO and a symmetry low-
ering to P21/b space group [17, 29, 40]. Instead, we are
here interested in the strain dependence of the room-
temperature Pbnm phase. The V–O bond-length dis-
proportionation compatible with Pbnm symmetry pro-
motes C-type OO, which, according to the Anderson-
Goodenough-Kanamori rules as well as experiments [40],
in turn favors G-type AFM order. This combination of
OO/MO is observed in the low temperature Pbnm phase
of the closely related compound YVO3 [39, 41] and sev-
eral members of the RVO3 series, with R a small rare
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FIG. 5. (Color online) (a) Total energy and (b) coop/asub ra-
tio as function of the substrate lattice constant asub for the
Pbnm (points) and P21/m (circles) cases with G-type AFM
order and U = 3 eV. The lines represent polynomial fits to
the data (see text) and the arrows indicate the correspond-
ing minima. The reference energy Eref is set to the lowest
Pbnm minimum (asub ' 3.98 A˚). Schematic representations
of the strain-induced t2g crystal-field splitting under compres-
sive and tensile strain are shown as insets in (b). Thick (thin)
solid lines represent fully-occupied (empty) levels in the pres-
ence of magnetic order, while dashed lines represent partially
occupied levels that can lead to a JT distortion.
earth cation [40]. Therefore, in the following we use
GGA+U calculations with G-type MO in order to check
the structural evolution of an insulating Pbnm phase of
LaVO3 as function of epitaxial strain for both Pbnm-
and P21/m-type growth orientations.
The optimized cell parameters and tilt/rotation an-
gles of the unstrained bulk Pbnm structure with G-type
AFM order for several values of U are listed in Table I.
Comparing first the two cases with and without MO for
U = 0, one can see that the introduction of MO leads
to an overall increase in volume and a larger amplitude
of the octahedral tilt distortions. Furthermore, the or-
thorhombic distortion of the unit cell is more pronounced,
i.e., the b/a and c/
√
2a ratios deviate more strongly from
unity compared to the nonmagnetic case. Thus, while
the overall volume for U = 0 and G-AFM order agrees
well with the experimental structure, the structural dis-
tortions are less well described compared to the nonmag-
netic case. A finite value of U further increases the vol-
ume and the orthorhombic distortion of the unit cell,
as well as the octahedral tilts, as shown in Table I for
U = 3 eV and U = 5 eV. In the following we will report
the data for U = 3 eV, which results in a DFT band gap
of ∼ 1.3 eV for the bulk structure and was also used in
previous DFT+U studies [39]. For different strains the
band gap varies by about 0.3 eV, but all structures are
insulating.
The total energy and the coop/asub ratio for the
strained structures corresponding to the two different ori-
entations are presented in Fig. 5 as a function of asub. We
notice that the difference between the averaged lattice
parameters atetr and acub becomes non-negligible in the
AFM structures, thus we compare the Pbnm and P21/m
cases as function of the substrate lattice constant, asub,
not as functon of strain s. It is apparent from Fig. 5,
that the calculated energies for each orientation cannot
be well described by a single low-order polynomial and
that the respective coop/asub ratios exhibit a small jump
at some value of asub. This points to the presence of at
least two different phases, which, as we discuss below, re-
sult from the competition between the applied strain and
the Jahn-Teller (JT) distortion related to the C-type OO.
In the Pbnm case, the total energy (Fig. 5a) can be
well fitted by two parabolas intersecting around asub =
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FIG. 6. (Color online) V–O bond-lengths as a function of
asub for the Pbnm and P21/m geometries with G-type AFM
order and U = 3 eV. For the P21/m case, results for both in-
equivalent octahedra, (b) V1 and (c) V2, are shown. Within
Pbnm symmetry (a), dV−O along x and y are swapped for
neighboring octahedra in the xy plane. (d) Schematic rep-
resentations of the V–O bond length pattern under tensile
strain (asub ' 4.04 A˚) in the xy plane of the Pbnm cell and
(e) in the xz plane of the P21/m cell. Red (blue) segments
represent long (short) V–O bonds, while the black ones have
intermediate values. The pattern repeats equally in all planes
normal to the figure because of the mirror symmetry m.
73.92 A˚, where the coop/asub ratio displays a small jump
(Fig. 5b). For asub < 3.92 A˚, the strain-induced crystal-
field splitting (see inset in Fig. 5b) together with the lo-
cal spin-splitting on the V sites is sufficient to create an
insulating state by occupying the two lowest spin-(local)-
majority t2g-levels (dxz and dyz), without requiring a fur-
ther structural distortion. In contrast, the crystal-field
splitting under tensile strain requires an additional JT
distortion to lift the remaining orbital degeneracy and
open up a gap between completely filled and completely
empty states (see inset in Fig. 5b). Therefore, above a
certain critical value of asub the system exhibits a stag-
gered JT distortion of the V–O bond lengths (see Fig. 6d)
corresponding to the C-type OO imposed by the Pbnm
symmetry in combination with the G-type MO. Here,
the “staggering” related to the C-type OO occurs within
the xy plane, i.e., parallel to the hypothetical substrate
surface, see also Fig. 6d, so that both directions within
this plane experience the same epitaxial constraint. This
picture is confirmed by the evolution of the V–O bond
distances with strain, shown in Fig. 6a, where a bond
disproportionation in the xy plane is clearly visible for
asub > 3.92 A˚. Notice, however, that such large bond dis-
proportionation is not present in the paramagnetic bulk
phase [29].
The P21/m case is slightly more complex, but can
be interpreted along the same lines. For strong enough
compressive strain (asub < 3.88 A˚), the strain-induced
crystal-field splitting suffices to open a gap and an ad-
ditional JT distortion is absent (see Figs. 6b-c), analo-
gously to the Pbnm case. For asub ≥ 3.88 A˚ a transition
to a more complex JT-distorted phase can be observed
(both phases can be stabilized for asub ' 3.88 A˚). In con-
trast to the Pbnm case, here the staggering plane (xz) is
perpendicular to the substrate plane (xy). Therefore, the
short-bond/long-bond alternation within the xz plane is
superimposed to opposing trends governed by the epitax-
ial constraint (along x) and the elastic response (along
z). As a result, the V–O bond distances within the xz
plane become nearly equal for the V1-site under tensile
strain and for the V2-site under compressive strain (the
first case is depicted in Fig. 6e), whereas the correspond-
ing bond lengths for the respectively other V site are very
asymmetric.
The fits to the total energy for the Pbnm and P21/m
geometries (see Fig. 5a) show that the corresponding en-
ergy difference is very small for any asub < 3.90 A˚, while
the P21/m orientation is slightly favored over Pbnm
within a tiny range around asub ∼ 3.92 A˚, but then be-
comes unfavorable for asub > 3.96 A˚. Overall, the energy
difference between Pbnm and P21/m always stays below
10 meV/f.u. Furthermore, the small energy differences
visible in Fig. 5a seem to be closely related to the JT dis-
tortion, which is absent in the room temperature struc-
ture of LaVO3. Therefore, no clear preference toward
one of the two geometries can be concluded based on the
calculated bulk-like elastic response. This confirms the
corresponding result obtained for the case without MO
Pbnm P21/m
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FIG. 7. (Color online) V–O–V bond-angles as a function of
asub for (a) the Pbnm and (b) the P21/m geometries with
G-type AFM order and U = 3 eV. For the P21/m case,
both φy1
VOˆV
(between V1-type octahedra stacked along y, see
Fig. 6e) and φy2
VOˆV
(between V2-type octahedra) are shown.
(see the preceeding section), and suggests that the spe-
cific orientation of the LaVO3 unit cell on the subtrate
is determined mostly by other factors, such as effects re-
lated to the specific substrate/film interface or the details
of the growth process.
Finally, the V–O–V bond-angles, shown in Fig. 7, also
exhibit similar trends as in the nonmagnetic DFT calcu-
lations (Fig. 3). However, due to the overestimation of
the octahedral tilt distortions (see above), the bond an-
gles deviate more strongly from the ideal 180◦ compared
to the case without MO. Consequently, the P21/m geom-
etry does not show the full suppression of tilts around the
in-plane directions found in the nonmagnetic case under
strong compressive strain. Nevertheless, the increasing
value of φz
VOˆV
with compressive strain shows the same
tendency for straightening the out-of-plane bonds as ob-
served in the thin film experiments [24].
IV. ELECTRONIC STRUCTURE WITHIN
DFT+DMFT
Next we address the electronic properties of epitaxially
strained LaVO3, in particular the effect of strain on the
insulating character of the paramagnetic phase observed
in the bulk system above 140 K [42]. As already pointed
out at the beginning of Sec. III B, none of the available
DFT approximations can correctly describe this Mott-
insulating phase, therefore we will work in the more ap-
propriate theoretical framework of DFT+DMFT. In the
absence of magnetic order, the DFT-GGA band structure
of LaVO3 (shown in Fig. 8) presents a group of bands
around the Fermi energy and no energy gap. This group
of bands is rather well-isolated from other bands at lower
and higher energies. By projecting the Kohn-Sham states
onto atomic-like V-3d wave functions with t2g symmetry
(i.e., dxz, dyz, and dxy), one can verify that this group of
bands consists predominantly of V-t2g orbital states (see
Fig. 8), hybridizing with the 2p states of the neighboring
oxygen atoms. The V-t2g weight elsewhere in the band
structure is always below 20% and concentrated mostly
on the O-2p-related bands located below EF (between
8about −4 eV and −8 eV, not shown).
Most of the low energy physics of LaVO3 is determined
by these partially filled bands with dominant V-t2g char-
acter present around the Fermi level [17, 43]. We there-
fore construct a basis of MLWFs for these “V-t2g bands”
(details in Sec. II), starting from initial projections of
the Bloch functions in the corresponding energy win-
dow on atomic V-t2g orbitals. This basis is then used
to represent the low-energy non-interacting Hamiltonian
in our DMFT calculations. An explicit inclusion of the
O-p bands, which are separated by a gap of about 2.5 eV
from the V-t2g bands, would not have a significant effect
on the obtained results [19, 43]. All DMFT calculations
are performed for the epitaxially-strained structures ob-
tained using spin-unpolarized GGA, already discussed in
Sec. III A.
We first focus on the results obtained for the Pbnm-
type growth orientation. In Fig. 9a, we present the
evolution of the LaVO3 spectral density at the Fermi
level, A(ω = 0), as function of the interaction parameter
U for different strain values. We make use of the ap-
proximate relation Tr[Aij(ω = 0)] ' −βTpi Tr[Gij(βT/2)],
where Gij(τ) is the impurity Green’s function matrix
and i, j index the three t2g-orbitals. Above a critical
value of U (which we call here Umit), the spectral weight
Tr[Aij(ω = 0)] drops to zero and the system is insulat-
ing for any U > Umit. In the bulk Pbnm system, this
metal-insulator transition takes place at Umit ' 4.2 eV.
The unstrained epitaxial geometry does not differ sub-
stantially from the bulk structure, and indeed we do not
find any noticeable difference in Tr[Gij(βT/2)] as func-
tion of U between these two cases (0% strain case is not
shown here).
When tensile strain is applied, the critical value of
U at which the metal-insulator transition takes place is
shifted to lower values. The system would thus reinforce
its insulating behaviour when grown on a hypothetical
substrate imposing tensile strain, as also found previ-
ously for LaTiO3 [9]. In the case of compressive strain,
LaVO3 shows first a slight lowering of Umit (see Fig. 9a
for s = −2%) and then a small increase at larger strains,
but the strain-induced changes are rather small. This
is at variance with LaTiO3, where compressive strain
shifts Umit to significantly larger values and leads to an
insulator-to-metal transition already at moderate strain
values of s ∼ −2% [9].
From Fig. 8 it can be seen that the Kohn-Sham band-
width of the V-t2g bands increases significantly with com-
pressive strain. In the MLWF representation, which is
relevant for the DMFT calculations, we find that the
t2g-bandwidth increases from ∼ 2.13 eV at 0% strain to
∼ 2.37 eV at −4% strain (the small discrepancy of the
latter with the Kohn-Sham value is related to the entan-
glement at the Γ-point, see Fig. 8c). It might therefore
appear surprising that Umit is nearly unaffected by this
bandwidth increase.
Further insight can be obtained by examining how the
V-t2g orbital occupancies change under epitaxial strain.
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FIG. 8. (Color online) Band structure close to the Fermi
level for epitaxially-strained LaVO3 under (a) tensile strain
(s = 4%) (b) 0% strain, and (c) compressive strain (s =
−4%) in the Pbnm growth geometry. For each Kohn-Sham
eigenvalue εk,v, the weight of the V-t2g orbital character in
the corresponding wave function is represented on the color
scale shown above (a). The width of the t2g group of bands
is also shown for each strain value.
In Fig. 9b, we present the orbital occupancies ni (i =
1, 2, 3), obtained from the eigenvalues of −Gij(βT) as a
function of the interaction U for different values of strain.
In the bulk case (black lines), orbital polarization is very
weak in the non-interacting DFT limit (U → 0), and it is
only slightly enhanced in the insulating phase. For U val-
ues above Umit, the three orbital occupancies (summed
over both spin directions) are n1 = 0.89, n2 = 0.75, and
n3 = 0.36, showing that orbital fluctuations are rather
strong in LaVO3 down to room temperature, consistent
with what has been found in Ref. 17. Compressive strain
suppresses these fluctuations and favors half-filling (i.e.,
ni = 1) of two orbitals, leaving the third one essentially
empty, as can be seen by the changes in the t2g occu-
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FIG. 9. (Color online) DMFT results for bulk LaVO3 (black)
and for LaVO3 under tensile (red) or compressive (blue) epi-
taxial strain within the Pbnm geometry. (a) Trace of the
Green’s function G(τ) at βT/2 and (b) orbital-resolved occu-
pations, summed over both spin components, obtained from
the eigenvalues of −G(βT) as a function of the interaction pa-
rameter U . Different line-styles in (b) (solid, dashed, dotted)
indicate different orbitals.
pancies: n1 ' n2 = 0.95, n3 = 0.10 for s = −2% (see
Fig. 9b), and n1 ' n2 = 0.99, n3 = 0.02 for s = −4%.
These occupation numbers are in line with the expected
tetragonal component of the crystal-field splitting under
compressive strain, which lowers the energy of the dxz
and dyz orbitals and raises the energy of the dxy orbital
(see, e.g., Ref. 9 and inset in Fig. 5b). The suppression
of orbital fluctuations, as well as the resulting half-filling
of orbitals 1 and 2, are expected to favor the insulat-
ing state and seem to counteract the bandwidth increase
under compressive strain.
In contrast, tensile strain does not lead to a similar
suppression of orbital fluctuations, since two orbitals are
still away from half-filling (n2 = 0.60 and n3 = 0.42 for
s = 2%), even if the occupation of the remaining t2g
orbital is now very close to one (n1 = 0.98, see Fig. 9b).
Again, these occupations reflect the expected crystal-field
splitting under tensile strain (see inset in Fig. 5b), with
the in-plane (dxy-like) orbital at lower energy than the
two almost degenerate out-of-plane (dxz- and dyz-like)
orbitals.
The full spectral functions A(ω) of LaVO3 in the pres-
ence of epitaxial strain, shown in Fig. 10, confirm the ro-
bustness of the Mott-insulating state, as well as the sup-
pression of orbital fluctuations under compressive strain.
The orbitally-resolved A(ω) calculated for the bulk struc-
ture using U = 4.8 eV leads to a band gap of ∼ 1 eV
(see Fig. 10a), in good agreement with the experimen-
tally determined value [44]. Similar U values were used
in previous studies of LaVO3 [17, 43]. Under compres-
sive (Fig. 10b) and tensile (Fig. 10c) strains of ±2% the
band gap does not change noticeably and the system is
still clearly insulating. In particular, the band gap per-
sists even for a larger compressive strain of s = −4% (not
shown), consistently with the behavior of Tr[Gij(βT /2)]
in Fig. 9a. Under compressive strain one can notice
that already for s = −2% the orbital polarization is
much larger than in the bulk case, since one orbital is
almost empty (short-dashed lines), while the other two
are nearly half-filled (Fig. 10b).
In order to assess whether a different growth geom-
etry can result into a different strain dependence in
the electronic properties of LaVO3, we now present re-
sults of DMFT calculations obtained for the epitaxially-
strained structures with P21/m-type growth orientation.
In Fig. 11 we report Tr[Gij(βT/2)] as a function of U for
the two inequivalent V-sites and different values of epi-
taxial strain for the P21/m symmetry. We note that for
all U values larger than 3.5 eV, the two sites show very
similar behaviour and remain nearly equivalent, while for
smaller values of U we find a tendency for charge dis-
proportionation between the two types of V-sites. The
disproportionation occurs for values of the interaction
U < 3.8 eV that are well below the most reasonable range
of U = 4.5 eV − 5 eV and indeed was never reported in
experiments, thus we will not further address this issue
here.
For the P21/m geometry, we find that Umit increases
monotonously under compressive strain, reaching U ∼
4.5 eV for s = −4%, where a complete suppression of the
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octahedral tilts around the in-plane axes takes place (see
Sec. III A). Because of this tilt suppression, the effect of
strain on the t2g crystal-field splitting is considerably re-
duced with respect to the Pbnm case. For instance, at
s = −4% the splitting between the two lower t2g levels,
dxz and dyz(now exactly degenerate due to the higher
symmetry), and the higher-lying dxy level is only 0.12
eV in P21/m, against 0.20 eV in Pbnm. The smaller
crystal-field splitting results into a less marked orbital
polarization, as can be seen from the t2g occupancies cal-
culated within DMFT: n1 ' n2 = 0.99, and n3 = 0.02
for Pbnm (see also above), against n1 = 0.91, n2 = 0.90,
and n3 = 0.19 for P21/m (here, we average over the
two inequivalent V sites, V1 and V2, since the corre-
sponding occupations differ by less than 0.02). Thus,
the t2g-bandwidth increase produced by compressively
straining the P21/m geometry (from 2.12 eV at s = 0%,
to 2.32 eV at s = −4% in the MLWF representation) is
more effective in driving the system towards a metallic
state compared to the Pbnm case, which shows a much
stronger suppression of the orbital fluctuations. How-
ever, the realistic value of U ∼ 4.8 eV is still larger than
Umit for the strongest compressive strain considered here,
s = −4%, which in turn is much larger than the strain
experienced by LaVO3 thin films coherently grown on
SrTiO3 (s ' −0.5%). Therefore, we do not expect that
the moderate strain of the SrTiO3 substrate could in-
duce a metallic state in the LaVO3 film, in particular
since a complete tilt suppression is not observed in this
case (see also Ref. 24). Nonetheless, noticeable changes
in the spectral features, signaling the vicinity of a metal-
lic state, could be observable for LaVO3 thin films grown
on substrates that impose a larger compressive strain,
such as e.g. LaAlO3 (lattice mismatch of 3.3%).
V. CONCLUSIONS
In this work, we have studied the structural response
of LaVO3 under epitaxial strain, using both DFT (for
the nonmagnetic/paramagnetic case) and DFT+U (for
magnetically-ordered structures). Furthermore, we have
studied the corresponding evolution of the paramagnetic
Mott-insulating phase using DFT+DMFT, in particular
the vicinity of the material to a metal-insulator transi-
tion. Two different symmetries, corresponding to differ-
ent growth orientations of the thin film have been con-
sidered. First, growth along the [001] direction of the
bulk Pbnm structure, conserving the Pbnm symmetry,
and second, growth along the [110] direction, resulting
in P21/m symmetry, as recently reported in thin film
experiments [24, 25].
Both for the nonmagnetic and for the magnetically-
ordered structures, the two symmetries do not exhibit
significant energy differences, except under strong com-
pressive strains (s < −3%) in the nonmagnetic structure.
In that case, the P21/m orientation is favored by ∼ 20
meV/f.u., as consequence of a complete straightening of
the out-of-plane V–O–V bonds. If the system is treated
using DFT+U and imposing G-type AFM order to ob-
tain a gap in the electronic band structure, the system
still shows a strong tendency to straighten the out-of-
plane V–O–V bonds under compressive strain, but no
complete suppression of octahedral tilts occurs. This dif-
ference can be attributed to an overestimation of octahe-
dral tilts in the unstrained structure within G-type AFM
and DFT+U. Overall, the absolute energy difference be-
tween the Pbnm and P21/m geometries with magnetic
order stays below 10 meV/f.u. in a wide range of sub-
strate lattice spacings. Therefore, no clear preference for
one or the other growth orientation is obtained from the
bulk-like elastic response under epitaxial strain. Our cal-
culations thus suggest that the experimentally-observed
occurrence of the P21/m orientation in epitaxial LaVO3
films grown on SrTiO3 substrates [24] is driven mostly
by the specific substrate/film interface configuration.
Our DFT+DMFT calculations for the strained struc-
tures show that the insulating character of LaVO3 is
rather robust against epitaxial strain, and that the sys-
tem is not expected to undergo any strain-driven metal-
insulator transition, except maybe for very strong com-
pressive strain (s < −4%) in the P21/m configura-
tion. This is consistent with recent experimental reports,
which find that conductivity is restricted to the interface
region in LaVO3 films grown on SrTiO3 [7]. However,
even a moderate compressive strain of −2% has the effect
of suppressing orbital fluctuations (see occupations from
diagonalization of DMFT density matrix), while in the
Mott-insulating bulk phase of LaVO3 such fluctuations
are sizable even at room temperature, in agreement with
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De Raychaudhury et al. [17]. This effect can be viewed
as counteracting the increase of the t2g bandwidth un-
der compressive strain, thus impeding the formation of a
metallic state.
Our study is relevant to the ongoing investigations
of metal-insulator transitions in thin films of corre-
lated transition metal-oxides, in particular for the un-
derstanding of emerging properties in complex oxide het-
erostructures. Since the origin of the metallic state in
LaVO3/SrTiO3 heterostructures is still debated [6, 7, 45],
our results provide a useful reference to further theoreti-
cal investigations on the role of other mechanism beyond
strain (such as, e.g., electronic reconstructions, forma-
tion of defects, quantum confinement) that might occur
at the interfaces between different oxides.
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